ABSTRACT: Homing limpets are central place foragers whose activity is constrained to restricted diel and tidal phases. The limpets' slow motion and high energy requirements render the problem of early choice of suitable foraging sites a critical issue. Mucous trails could be used, however, to relocate previously visited foraging areas. In this paper we describe a simulation model comparing 3 possible patch-choice tactics. These are random choice (RC) and 2 strategies (MVK and MVU) based on a marginal-value rule. The MVK strategy assumes that the forager is able to perceive and keep track of changes in energy return from successive visits to the same patch, while the MVU does not. The average long-term energy gain provided by the 3 strategies was calculated under a set of external factors: variability in the distance of patches from the central place, average value and variability in standing crop and predictability of rewards from the same foraging site when visited over successive times (autocorrelation). In the absence of variability in food sources, the different tactics yielded comparable energy returns, irrespective of average standing crop level, distance from home and autocorrelation in rewards. As variability in food sources increased, the final energy gain provided by MVK and MVU strategies changed according to the degree of autocorrelation. The MVK strategy performed increasingly better than RC for increasing autocorrelation values. The MVU strategy performed better than RC when energy returns from successive visits were positively correlated. On the contrary, in the case of a negative correlation the RC strategy was better than the MVU one.
INTRODUCTION
Since natural food distribution may vary considerably both in time and space, efficient foragers would be expected to learn the position and quality of food sources, and visit them according to perceived rates of potential energy gains. This ability may be particularly relevant for central place foragers since adopting a temporally stable home site may allow the animal to gain better and more reliable information about the energy content and spatial location of nearby food patches (Stephens & Krebs 1986 , Bell 1991 .
Classical central place foraging models address the problem of optimising acceptance thresholds for food items or patches, when encountered by a forager at various distances from the refuge (Stephens & Krebs 1986 ). Much of the analytical effort has been focused on the behaviour within each foraging excursion, and only limited attempts have been made to model the behaviour over subsequent activity bouts (e.g. Armstrong et al. 1987) .
Intertidal homing molluscs, and particularly limpets, are good subjects for studying feeding patterns in central place foragers. Scar fidelity, a limited behavioural repertoire and a restricted foraging ambit make them very suitable for long term temporal and spatial monitoring of behaviour (Chelazzi et al. 1990 ). Moreover, many of these species are able to relocate particular spatial locations through following previously laid mucous trails, whose homeward and outward (i.e. foodward) branches may have a different information content (e.g. McFarlane 1981 , Chelazzi et al. 1987 , Davies & Hawkins 1998 . Other features also make homing molluscs particularly interesting for assessing the bioeconomics of behaviour in central place foraging: intertidal molluscs are slow-moving animals whose activity is strongly constrained by both physical (see dehydration, heat stress) and biotic (predation) factors to narrow, suitable tidal/diel phases (e.g. Hawkins & Hartnoll 1983 , Little 1989 , Chapman & Underwood 1992 for reviews). In addition, the cost per unit time of motion is higher than in other animals, due to mucus secretion (e.g. Denny 1980 , Davies & Hawkins 1998 ). This set of constraints makes the problem of the early a priori choice of a suitable foraging site particularly relevant, since visiting an unsuitable patch may entail a considerable waste of energy, a significant cost of lost opportunities and additional mortality risks. Accordingly, evidence exists for some species that, although en route calibration of foraging trajectory is possible, much of the spatial organisation of foraging relies on earlier decisions taken when leaving the home scar (e.g. Chelazzi et al. 1998) .
Field records of the behaviour of molluscs have shown that different species are likely to adopt different patch revisiting strategies. Evidence of sequential non-random revisiting of a previously exploited foraging patch has been obtained for the gastropods Onchidium sp. (McFarlane 1980) and Patella vulgata (Chelazzi et al. 1998) , and the chiton Acanthopleura gemmata (Chelazzi et al. 1987) . In contrast, a study conducted on the Mediterranean high shore limpet P. rustica (Chelazzi et al. 1994 ) revealed a cropping pattern based on random angular selection, weakly biased towards avoidance of the last foraging excursion. Avoidance of the last patch visited has also been described for the 2 pulmonate limpets Siphonaria normalis and S. alternata (Cook & Cook 1981) . Despite attempts to interpret the observed patterns in relation to known features of the environment and the biology of the species, no studies have examined the costs and benefits of observed behaviours.
The aim of the present study was to propose a simple foraging model to determine whether experience-based decision rules for returning to lastvisited areas would give an improved rate of long-term energetic return, when compared to a simple random choice tactic. The model was formulated to represent limpet behaviour but the results have potential for wider application.
MATERIALS AND METHODS
The model. The foraging area of limpets is considered as a series of non-overlapping sectors (Fig. 1a) . At the beginning of a foraging period, a limpet chooses one of these sectors and travels out to the unexploited part located at its distal edge, where it begins to feed without straying out of the sector (Fig. 1b) . Only 1 sector is assumed to be visited during an activity phase. This schematic representation of foraging activity, although simplistic, seems appropriate given the foraging path geometry of Patella spp. (e.g. Hartnoll & Wright 1977 , Della Santina et al. 1995 . During foraging, limpets are assumed to remove all the food encountered and, for simplicity, the microbial film is not replenished after grazing.
The total time available for activity is fixed and bounded to an upper value, T. Limpets are usually time-constrained foragers and restrict their activity to particular combinations of the tidal (ebb and flood) and diel (day/night) cycles. Total time T can be partitioned into 2 separate components:
where T V , is the time spent travelling to and from the feeding area and T F is the time devoted to foraging. Given that a limpet moves up to a distance D at a speed V, and must return to its home scar before the end of the foraging period, T V will be:
The total energy returned from a foraging bout G total is the energy gained from foraging less the total energetic costs of foraging, TC :
Here E is the rate of energy extraction while foraging (J s -1 ), expressed as:
where β is the assimilation efficiency, R the area grazed per unit time (mm 2 s -1 ), and S the standing crop per unit area (J mm -2 ). Limpets are assumed to forage systematically and remove all the encountered food over an area A:
If, at the beginning of a foraging period, the edge of a feeding patch is located at a distance D start from the home, at the end of the period the distance will be increased to a new value D end (Fig. 1c) . Given the geometry of the system, the area removed during foraging can be also expressed as:
where θ is the angular width of the sector. From Eq. (6) it follows that:
Depletion has important consequences for the expectation of energetic return from a revisit to a sector. In fact, since the outer edge of a sector changes from D start to D end after the visit, this determines an increase in the distance to be travelled by a limpet to revisit that patch and a general increase in the average distance of all food patches from home. This effect is modelled with the following equations. The initial distances, D, of all the patches from the home site are extracted from a normal distribution with mean µ D and standard deviation σ D . However, the average distance from the home is µ D updated after each bout, to keep track of depletion caused by limpet foraging (Eqs. 6 & 7). The model assumes that the standing crop value (S) of each sector follows a normal distribution with mean µ S and standard deviation σ S . When a sector is visited during 2 consecutive times (t -1 and t), its standing crop is determined as:
where ε is a random normal deviate with mean 0 and standard deviation:
and α is an autocorrelation coefficient (-1 ≤ α ≤ 1). This allows the modelling of different levels of correlation in energy reward from successive visits to the same sector. When α = 1, the standing crop of the sector remains the same from time t -1 to t. On the contrary, when α = 0 there is no relation between S t -1 and S t and, finally, for α < 0 higher than average rewards are followed by lower than average rewards. Expected energetic gains for returning to the lastvisited sector can be basically derived from Eq. (3). Since ε in Eq. (8) above has a mean of 0, expected returns can be expressed as: (10) where --E is the average rate of energy extraction and D last and E last are the distance from the centre of activity of the outer edge and the rate of energy extraction from the previously visited patch, respectively. Eq. (10) follows directly from the general Eq. (8), letting ε = 0, S t -1 = E last , and µ S = --E. If the forager acts without knowledge of any autocorrelation of rewards then the above equation simplifies to:
The expected energy return from the environment is:
which represents the average energy gain which could be obtained from a patch located at a distance equal to the average distance of all patches ( --D) and allowing a rate of energy extraction equal to the average value of the whole environment ( ---E ). In synthesis, this quantity represents the expectation of rewards from choosing any sector at random.
Based on Eqs. (10) to (12) above, 3 decision rules of increasing complexity were compared:
(1) Random choice rule (RC): at the beginning of a foraging bout a limpet selects a sector at random, irrespective of prior rewards.
(2) Marginal value rule with unknown autocorrelation (MVU): a limpet revisits the previously visited sector if:
otherwise it chooses any sector at random. Ĝ return is here computed according to Eq. (11).
(3) Marginal value rule with known autocorrelation (MVK): as MVU but with Ĝ return computed according to Eq. (10). In synthesis, a forager adopting this strategy is assumed to be able to perfectly perceive and keep track of changes in energy return from successive visits to the same patch.
Parameter values and sensitivity analysis. The model was run using values for energetic costs and
rates of ingestion for Patella vulgata, since this is the species for which these values are best known. Energy costs (computed as the sum of mucus production and respiration rates), rasping rate and area cleared per radula stroke were computed for a 40 mm shell length limpet. Costs of respiration were from Houlihan & Newton (1978) and costs of mucus production were those measured by Davies et al. (1990) . While foraging outside of the home scar, P. vulgata alternates fast and slow movements, during which rasping is almost continuous. However, although estimates of both respiration and mucus production for 2 alternative states (i.e. limpets sitting on their home scar and limpets foraging outside the home) are available, there is no information on the variation of energy costs incurred by limpets while moving at different speeds (e.g. when travelling to and when foraging inside a patch). Due to this difficulty, total cost of foraging, TC, was computed irrespective of how much of that trip was spent on travel to a patch and how much was spent actually inside the patch. More details and sources of variable values are listed in Burrows et al. (2000) . Total time available for foraging was assumed to be 21 600 s, corresponding to 6 h. A complete list of values used is shown in Table 1 . A sensitivity analysis was performed to determine the role of the different environmental factors in the final cumulative energy intake obtained by specimens adopting one of the 3 different strategies (RC, MVU, MVK). The factors considered were:
(1) Average standing crop. We used 3 average energy contents of foraging grounds: µ S = 0.1, 0.3, 0.5 (J mm -2 ), simulating low, medium and high richness of algal pastures, respectively (see Burrows et al. 2000) .
(2) Variability in standing crop. For each average energy value, 3 different levels of variability (as standard deviation σ S ) were tested, corresponding to 0, 30 and 70% of the average.
(3) Distance from home of foraging patches. Initial sector radii were extracted from a normal distribution with mean µ D = 200 (mm) and 2 different standard deviation values: σ D = 0 and σ D = 100. These values broadly correspond to average value and variability levels observed in Patella vulgata foraging excursions (e.g. Chelazzi et al. 1994 , Della Santina et al. 1995 .
(4) Autocorrelation. To simulate different degrees of correlation between the energy returns from successive visits to the same foraging sector, the autocorrelation coefficient α was varied from -1 to 0 and +1, in steps of 0.2.
For each specimen, simulations were run for 100 foraging bouts with 36 sectors (Fig. 1) . The number of 36 sectors was calibrated on the geometry of the system and the dimension of model limpets. If we assume a limpet forages up to a distance of 20 to 25 cm from the home scar (see e.g Della Santina et al. 1995) , the width of the arc at that distance will be about 44 mm, a dimension comparable with the size of model limpets (40 mm). Long-term energy return, expressed as average cumulative energy gain per foraging bout, was calculated at the end of each simulation. The behaviour of 100 specimens was simulated for each combination of parameter values. The relative importance of the different factors on the final energy return obtained by limpets adopting the 3 different strategies was expressed as percentage of total variance explained in an ANOVA framework. However, this procedure was used only to give an indication of the likely effect of each factor, and no formal statistical test was attempted. 
RESULTS
A typical simulation for a random choice forager (i.e. adopting the RC rule) is shown in Fig. 2a , with a corresponding simulation for a forager operating by the MVK rule in Fig. 2b . The proportion of revisits to the previous sector is small for the random forager (around the expected value of 0.028, i.e 1/36 sectors), while much higher values, in the range of 0.55 to 0.7, were obtained for the forager adopting the MVK rule. Moreover, the energy gain attained by this forager reached a higher level than that obtained by the random forager. Depletion by limpets causes an increase in foraging radius and hence a decrease in energy return, which is not evident in either of these examples. However this effect can be much more pronounced in other simulations and depends on the ratio between energy content of food patches and energy cost of activity. Finally, an evident decrease in energy return would be determined if a greater number of foraging bouts were simulated.
The results of the sensitivity analysis are shown in Table 2 for the 3 different σ S levels and different standing crop values. The importance of each factor in determining the cumulative energy intake is shown as the percentage of total variance explained. In the absence of any variability in the energy content of each patch (σ S = 0, Table 2a), the greatest part of the variance (> 70%) was explained by the variability in distance from home of the food patches (σ D ), and a further 20 to 10% was explained by the adopted strategy. The importance of σ D increases for increasing standing crop, while the importance of the factor strategy decreases. The maximal differences in the final energy returns obtained under the 3 strategies and the 2 σ D levels were, however, low and corresponded to about 6 to 8% of total cost of activity (Fig. 3) .
This picture becomes more complex for increasing variability in food reward. Table 2b shows the results obtained when σ S = 30%µ S . When standing crop is low, the greatest contribution to variance is given by the interaction Strat × α (~36%), while strategy and autocorrelation per se explain about 23 and 24% of total variance, respectively. As standing crop increases the majority of variance is explained by the variability in distance from the home σ D (~50%) and strategy (~37%). A still different pattern of variation was evi- Table 1 dent when using higher variability levels (σ S = 70% of the standing crop value, Table 2c ). For lower standing crop values, the 2 major sources of variance are still represented by the interaction Strat × α and autocorrelation, while for increasing standing crop values (µ S = 0.5) the greatest part of variance (~55%) is explained by the adopted strategy and a further 21% by autocorrelation between successive rewards. The role of the different factors can be better understood by looking at some examples. Fig. 4 compares the average energetic returns obtained from foragers adopting the 3 rules, for different variability (σ S ) and predictability (α) of rewards when using the 2 extreme standing crop values (i.e. µ S = 0.1, Fig. 4a-c ; µ S = 0.5, Fig. 4d -f) . When variability is set to σ S = 0 (Fig. 4a,d) , the difference in energy return obtained with the 3 rules was very small and not at all affected by autocorrelation in reward. On the contrary, as variability increases, a difference among the 3 strategies becomes evident. In this case, the outcome of the RC rule is still not affected by changes in the autocorrelation among successive visits, neither for intemediate (σ S = 30%µ S , Fig. 4b,e) , nor for higher variability in food (σ S = 70%µ S , Fig. 4c,e) . On the contrary, the MVU strategy performs better than the RC for α > 0, but worst for α < 0, and this difference becomes more pronounced for increasing σ S values (compare Fig. 4b vs c and e vs f). 
DISCUSSION
It has long been recognised that a periodic return to a central place might facilitate the spatial organisation of foraging, allowing a more efficient exploitation of radially distributed food patches, provided that animals are able to establish suitable behavioural strategies (Stephens & Krebs 1986 , Bell 1991 ). The outcomes of 3 possible strategies for exploiting radially distributed resources in homing molluscs were compared in this study. The marginal value-based rule, coupled with the ability to perceive and correctly keep track of correlations between successive visits (MVK rule), performed better than the random choice rule, provided that variability in patch content was not null and that there was autocorrelation in energy returns from successive visits to the same patch. In particular, the relative advantage of the MVK strategy over the simple random choice rule increased with increasing variability and with increasing absolute correlation (α > 0) in energy rewards between successive visits. The other marginal value-based rule, MVU, based only on the 'memory' of the energy content of the previous patch may prove equally as adaptive as the more complex MVK, when the rewards of successive visits to the same patch are positively autocorrelated. In contrast, negative autocorrelation (such that higher than average rewards are followed by lower than average gains) may result in an energy intake much lower than that granted by a simple random choice. Finally, the random choice strategy, RC, may give energy returns comparable with those of the other rules when variability in patch energy content is null (σ S = 0), or when there is no correlation between successive visits (σ S ≠ 0, α = 0). In the first case, however, the RC rule always gave slightly lower values than the other rules, while in the second case the constant rank MVK > RC > MVU was observed.
The absence of any autocorrelation and the presence of negative autocorrelation between successive visits seem to be rather limited features of specific environments, such as rapidly changing and ephemeral habitats, where the predictability of food sources is low. Moreover, a lower predictability of food sources could also be a consequence of the spatial arrangement of the food patches and the home scars of limpets. In intertidal environments, which generally consist of narrow habitat belts, individual limpets are often highly packed and inter-individual distances may be shorter than the distance a forager is able to move during a single activity bout. Due to this arrangement, the patches located at the edge of an individual foraging area may thus be 'shared' among neighbouring individuals. In this case, the probability of finding that a 'good' patch has been depleted by other foragers increases as a function of its net energy content (which renders it more likely chosen) and of the density of individuals. In similar circumstances, autocorrelation between successive visits may be very low when not negative, making a negative autocorrelation between successive visits to the same location not unlikely.
Direct tests of the model are difficult, since long-term recordings of the spatial arrangement of foraging activity in molluscs, and the simultaneous assessment of the energy content and degree of patchiness of the microbial film at the spatial scale experienced by individual limpets are scarce. Despite the difficulty of direct comparisons of the model with behaviour in specific resource distributions, some general insights can be obtained from less direct evidence. Two broad patterns of the frequency with which a given individual returns to a location visited during the preceding foraging excursion can be recognised from available recordings of the behaviour of marine homing molluscs. The first, observed in the gastropods Onchidium spp. (McFarlane 1980) and Patella vulgata (Chelazzi et al. 1998) , and the chiton Acanthopleura gemmata (Chelazzi et al. 1987) , consists of a non-random revisiting of previously exploited foraging patches. In these species, in fact, a significant proportion of individuals returned to a spatial location visited during the immediately preceding activity period (e.g. ~40% in P. vulgata). The opposite behavioural scheme consists of a cropping pattern based on random angular selection. This behaviour has been described in the Mediterranean high shore limpet P. rustica (Chelazzi et al. 1994) , but similar findings have also been reported for the 2 pulmonate limpets Siphonaria normalis and S. alternata (Cook & Cook 1981) . The high percentage of revisiting of a previous patch observed in the first group of species may suggest that these adopt experience-based rules, similar to MVK or MVU proposed here, while the second group shows a behaviour more consistent with a random choice. Generalisations at the species level are, however, difficult and caution must be exercised when assigning a fixed behavioural repertoire to a given species. For example, in a study of the foraging activity of P. vulgata in an Irish Sea Lough, Williams & Morritt (1991) reported that about 26% of the limpets moved in the same direction as a previous bout and that 48% recrossed a previous path but, at the same time, generally ended their foraging activity in different areas on each trip.
These 2 classes of behaviour broadly agree with what is known about the spatial distribution of algal/microbial food patches in the study areas. For example, in NE Atlantic benthic communities, where Patella vulgata predominates, patchiness seems to be a common feature at different spatial scales (review in Hawkins et al. 1992) , including a small scale comparable with that experienced by individual limpets while foraging (e.g. Hill & Hawkins 1990 , 1991 . The general environmental characteristics of these shores seem to be comparable with conditions promoting rule-based behaviour over random choice. The alternative behavioural pattern is represented by the Mediterranean limpet P. rustica, which scatters its foraging excursion in a random fashion (Chelazzi et al. 1994) . This species dominates the upper part of the mid-littoral (Della Santina et al. 1993) along Mediterranean rocky shores and concentrates its foraging activity in stormy periods, when wave action exceeds a given threshold (Della Santina & Chelazzi 1991) . During these confined temporal windows this species moves to forage on relatively rich and unexploited upper-shore patches, which are usually not accessible to grazers during a calm sea. These areas, mainly dominated by epi-and endolithic cyanobacteria, are likely to approach a condition of relatively low variability, given their limited exploitation status (Della Santina et al. 1993) . Quantitative assessments of the degree of short-scale patchiness are not available in this case, but previous observation has suggested the existence of an almost uniform layer. In this situation, the random-like choice operated by this species, characterised by a very low rate of revisiting the previous patch, seems to be in agreement with the expectations of the RC rule which, in the absence of variability in food sources, may perform very similarly to more complex ones. Extreme caution is, however, needed in this specific case, because, given the absence of direct measurement of cyanobacteria biomass, it is not possible to completely exclude the existence of an unrecognised patchiness in an apparently uniform microbial layer (e.g. Nagarkar & Williams 1997 , 1999 .
The model proposed in this paper is conceptually simple and, as most models, makes a number of assumptions that may influence the predicted patterns of patch choice. A first critical assumption is that animals were supposed to have some 'memory' of the spatial arrangements and energy value of food patches and were able to keep track of their changes after subsequent visits. The available literature on spatial memory in animals is comprehensive, and specific traits and features have been described for different groups (e.g. Healy 1998 ). In the case of molluscs, information can be contained in mucous trails, which can be considered as an 'external memory system' (Focardi et al. 1985 , Chelazzi 1992 . The exact mechanisms of information storage in mucous trails are still poorly understood; however, there is strong evidence of the existence of such a system (see Davies & Hawkins 1998 , for a review). Trail following is a widespread orienting mechanism in molluscan behaviour and individual ability to follow previously laid trails has been demonstrated in diverse contexts, such as individual or collective homing, mating, prey or patch location (Chelazzi et al. 1988 , Davies & Hawkins 1998 for reviews). Evidence of the ability to follow trails laid several days earlier has been reported for several species, including Patella vulgata (e.g. Cook et. al. 1969 , Thomas 1973 . Interestingly, Chelazzi et al. (1998) reported for P. vulgata that when the outward and homeward branch of a foraging path diverged, the next outward excursion usually overlapped with the homeward branch of the previous excursion, suggesting that some information on the quality of the encountered food patches is contained in the trails. The recognised long-term persistence of mucous trails in the field, which in the case of P. vulgata may approach 80 d (Davies et al. 1992a) , supports the hypothesis that the home scar of homing limpets is surrounded by a complex network of trails, whose information content may be high. This suggests that the choices faced by a foraging limpet could be much more complex than those hypothesised in this study. If the home scar of each specimen is in fact surrounded by a network of trails, laid at different times and with information on several patches, a limpet may have to compare the potential benefits from several alternative patches and not simply choose between the last visited patch and a randomly selected one. In addition, following a previous trail may allow the individual to partly reingest laid mucus. Due to its high energy content and the ability to trap microalgae and enhance microbial growth (e.g. Connor & Quinn 1984 , Connor 1986 , Davies et al. 1992b , Davies & Williams 1995 , mucus reingestion may constitute an extra value, not considered in our model, in revisiting a prior location. Interestingly, trapping of microalgal particles is usually maximal after a short time (a few hours: Davies et al. 1992b , Santelices & Bobadilla 1996 and this could represent a further stimulus to return to recently visited patches.
A further assumption is that resource renewal was considered to be negligible for all the duration of the simulated study period (100 foraging bouts ≅ 100 d). This is of course a critical point, since under natural conditions renewal of resource will always take place over a similar time scale. Modelling algal regrowth may potentially allow more specific predictions, but at the expense of generality and simplicity, due to the increased number of variables (each with a range of possible values) to be introduced. The rate of regrowth over cleared surfaces may in fact change according to a complex mixture of different factors (e.g. season, level on the shore, rate of removal; see e.g. Underwood 1984 , Hill & Hawkins 1991 , Nagarkar & Williams 1999 , Thompson et al. 2000 , Jenkins et al. 2001 ) and was not considered here for simplicity. In any case, the results of the model, showing no consistent decrease in the energy returns with increasing time, suggest that this effect may be ignored, at least in this preliminary step. The dynamics of microbial film growth, and their effects on the behaviour of intertidal grazers, need a greater field study and modelling effort to be better understood.
Similarly, simplifying assumptions have been made concerning the nature of food patches, such as their distance from the central place or their energy content. All these values were modelled on the basis of normal distributions but, under specific environmental situations, other distributions (e.g. Poisson or negative binomial) may be more realistic. Again the aim of the model was to provide general insights on the organisation of central place foraging activity and not to provide specific predictions for particular conditions.
In conclusion, the results of this study allow the evaluation of different strategies for exploiting radially distributed food patches. Apart from possible modelling improvements, as indicated above, advancements in field data collection are required to fully ascertain the behavioural rules actually employed by homing molluscs in the spatial organisation of their foraging activity. In particular, more medium-to long-term records of the spatial organisation of the activity of single individuals are required, together with detailed simultaneous information on the small-scale distribution and energy content and quality of the microbial film around the home scars. We hope that this model can be used to stimulate and address further work in these directions.
